Sister-chromatid cohesion must be precisely regulated to prevent chromosome mis-segregation and chromosomal instability. Zhou et al. find that Haspin binds to Pds5B via a highly conserved RTYGA motif in its N-terminal non-kinase domain, which antagonizes the Wapl-Pds5B interaction and protects proper centromeric cohesion in mitosis.
In Brief
Sister-chromatid cohesion must be precisely regulated to prevent chromosome mis-segregation and chromosomal instability. Zhou et al. find that Haspin binds to Pds5B via a highly conserved RTYGA motif in its N-terminal non-kinase domain, which antagonizes the Wapl-Pds5B interaction and protects proper centromeric cohesion in mitosis.
INTRODUCTION
Sister-chromatid cohesion is established during DNA replication by a ring-shaped cohesin complex consisting of the core subunits Smc1, Smc3, Scc1, and SA1 or SA2, which recruit regulatory subunits Pds5 (Pds5A/B in vertebrates), Wapl, and Sororin to regulate the association of cohesin with chromatin [1] . To ensure accurate chromosome segregation, cohesin between sister chromatids is released in two steps in higher eukaryotes [2, 3] . During prophase and prometaphase, the majority of cohesin on chromosome arms is phosphorylated by mitotic kinases and removed by its antagonist Wapl [4] [5] [6] [7] [8] [9] , resulting in sisterchromatid resolution. However, a small population of cohesin is retained at centromeres to ensure chromosome biorientation until its proteolytic cleavage by the protease separase at anaphase onset [2, 10] . How the ''prophase pathway'' of cohesin removal is limited to chromosome arms has been inadequately addressed.
Wapl-mediated cohesin release from chromatin requires its interaction with Pds5 [4, 5, [11] [12] [13] , a process that is antagonized by Sororin binding to Pds5 [14] . In early mitosis of vertebrate cells, Sororin is phosphorylated and dissociates from Pds5 [14] [15] [16] , allowing Wapl to gain access to Pds5 and to remove cohesin from chromosome arms. Protection of cohesin at mitotic centromeres requires Shugoshin-1 (Sgo1) [17] . In prometaphase, Sgo1 is recruited to the inner centromeres, where it occupies the Wapl-binding site at the Scc1-SA2 interface [18] [19] [20] , thereby shielding cohesin from Wapl. Centromeric Sgo1 also collaborates with protein phosphatase 2A (PP2A) to prevent centromeric SA2 phosphorylation and disassociation [21, 22] and to counteract Sororin phosphorylation [15, 18] . It remains unclear whether additional proteins also contribute to Wapl inhibition at mitotic centromeres.
The protein kinase Haspin phosphorylates histone H3 at Thr-3 (H3pT3) in mitosis, particularly at centromeres [23] . We and others previously showed that this phospho-histone mark is directly recognized by the chromosomal passenger complex (CPC) [24] [25] [26] , a key regulator of mitosis [27] , thereby promoting chromosome alignment. RNAi-mediated depletion of Haspin caused premature chromatid separation (PCS) in human cells, indicating a requirement for Haspin in chromosome cohesion [28] . However, it is unknown whether, and how, Haspin is directly involved in cohesion protection.
Here, we show that, through a conserved Pds5B-interacting motif in its non-catalytic N terminus, Haspin binds to Pds5B and protects cohesion at mitotic centromeres.
RESULTS

Haspin Knockout by CRISPR/Cas9 Causes Defective Mitosis Progression
To better understand the mechanisms regulating chromosome dynamics in mitosis, we established several Haspin-KO (knockout) stable cell lines using CRISPR/Cas9-mediated genome editing in HeLa cells [29] . Genomic DNA sequencing confirmed indels that are predicted to cause frameshift mutations ( Figure S1A ). Loss of H3pT3, the readout of Haspin kinase activity, was confirmed by immunoblotting and immunofluorescence microscopy ( Figures 1A, 1B , and S1B). Unless otherwise stated, we mainly used clone D2 as Haspin-KO cells for the following studies.
Live-cell imaging showed prolonged duration of mitosis in Haspin-KO cells, particularly in the metaphase-to-anaphase transition ( Figures 1C and S1C-S1E ), which was accompanied by increased incidence of anaphase cells with lagging (C) The mitosis progression of HeLa and clone D2 cells stably expressing H2B-GFP were analyzed by time-lapse live imaging. The time from nuclear envelope breakdown (NEB) to metaphase chromosome alignment and from metaphase to anaphase onset was determined. (D) HeLa and clone D2 cells, either untreated or released from nocodazole treatment, were fixed and stained with anti-human centromere autoantibodies (ACAs) and DNA. The percentage of cells with lagging chromosomes was determined in 100 anaphase cells. (E and F) HeLa and clone D2 cells stably expressing H2B-GFP were released from 3 hr treatment with STLC, followed by live imaging of mitosis progression. Fate profiles of mitotic cells and the selected frames of the movies are shown. Time stated in hours: minutes. See Movies S1, S2, S3, and S4. (G) Clone D2 cells stably expressing H2B-GFP were treated as in (E) and then released from STLC into DMSO or the Mps1 inhibitor AZ3146. The time from STLC washout to mitotic exit was determined. (H) The indicated stable cell lines were released from 5 hr treatment with STLC, and then the mitosis progression was determined. Means and SDs are shown (C, E, and G). Scale bars, 10 mm. See also Figure S1 . chromosomes ( Figure 1D ). Interestingly, there were strong mitosis progression defects in Haspin-KO cells during the recovery from transient mitotic arrest caused by treatment with S-Trityl-L-cysteine (STLC), an Eg5 inhibitor that reversibly arrests cells in prometaphase with monopolar spindles. As expected, after chromosome biorientation, almost all control HeLa cells underwent anaphase onset at 57 ± 3 min on average after STLC washout. In contrast, Haspin-KO cells showed strong mitotic arrest with complex chromosome behaviors that could be classified into three categories (Figures 1E and 1F for clone D2 cells; see Movies S1, S2, S3, and S4; Figures S1F and S1G for clone 3A6 cells). About 34% of cells (type I) behaved like control cells, except that the establishment of chromosome biorientation was delayed by 29 min. In another 22% of cells (type II), most chromosomes initially aligned at the metaphase plate with a delay of 87 min, and then some chromosomes gradually scattered from the metaphase plate, indicating a defect in maintaining biorientation. The other 44% of cells (type III) were defective in either establishing biorientation or maintaining it for an appreciable period of time. Most of the type II and III cells aberrantly partitioned chromosomes into two or more masses and exited mitosis at 810 ± 90 min and 740 ± 71 min after STLC washout, respectively. In addition, Haspin-KO cells quickly exited mitosis when released from STLC into AZ3146, a small-molecule inhibitor of the spindle checkpoint kinase Mps1 ( Figure 1G ), indicating that the prolonged mitotic duration in Haspin-KO cells is dependent on the spindle checkpoint activation. Fluorescence microscopy of fixed cells confirmed that Haspin-KO cells released from transient mitotic arrest were strongly delayed in progressing through metaphase with increased chromosome mis-segregation (Figures S1H, S1I, and 1D), which was rescued by stable expression of EGFP-Haspin ( Figure 1H ).
Haspin-KO Cells Show Weakened Centromeric Cohesion and Increased PCS
We reasoned that the above-mentioned defect in establishing chromosome biorientation in Haspin-KO cells most likely reflects the role of H3pT3-dependent CPC at inner centromeres [25, [30] [31] [32] [33] [34] . Interestingly, when released from STLC or the spindle microtubule poison nocodazole into the proteasome inhibitor MG132, Haspin-KO cells were also defective in maintaining metaphase chromosome alignment (Figures 2A and S2A) , which prompted us to investigate chromosome cohesion therein. Inspection of nocodazole-or STLC-arrested mitotic chromosome spreads revealed moderately increased PCS in Haspin-KO cells ( Figures 2B, 2C , and S2B). Moreover, after 4 hr treatment with MG132, the percentage of cells containing at least 26 separated chromatids increased from 4% in control cells to 37%-66% in Haspin-KO cells ( Figures 2D, 2E , and S2C). Time-lapse live-cell imaging showed that during MG132-induced metaphase arrest, Haspin-KO cells began to exhibit irreversible chromosome scattering from the metaphase plate much earlier than control cells (Figures 2F and S2D ; see Movies S5 and S6), which was further confirmed by fluorescence microscopy of fixed cells ( Figures  2G and S2E) . Thus, Haspin-KO cells show increased PCS during sustained metaphase, suggesting an accelerated ''cohesion fatigue'' defect [35, 36] . The inter-kinetochore (inter-KT) distances on mitotic chromosome spreads prepared from Haspin-KO cells were at least 20% further apart than the control (Figures 2H, S2F, and S2G), which is indicative of weakened centromeric cohesion.
The inner centromeric localization of Sgo1, driven from the inner face of kinetochores by RNA-polymerase-II-dependent centromeric transcription [37, 38] , requires its binding to cohesin and is often impaired in cancer cells with compromised centromeric cohesion [18, 19, 39] . This suggests reduced Sgo1 at inner centromeres as an indicator of weakened centromeric cohesion. Indeed, whereas Sgo1 mainly localized to inner centromeres in nocodazole-arrested mitotic HeLa cells as previously reported [17, 19, 37] , it largely co-localized with CENP-C at the inner face of kinetochores in Haspin-KO cells ( Figures 2I and S2H ). Since neither kinetochore localization of the actively transcribing forms of RNA polymerase ( Figure S2I ) nor Sgo1 phosphorylation at Thr-346 (Sgo1-pT346), which promotes the Sgo1-cohesin interaction ( Figure 2J ), was detectably altered, we reasoned that Sgo1 delocalization from inner centromeres in Haspin-KO cells is a consequence of reduced centromeric cohesin. Consistently, Sgo1 was at least partly defective in enriching at mitotic inner centromeres upon SA2 RNAi (Figures S2J-S2L), which is accompanied by increased inter-KT distance ( Figure S2M ).
Thus, Haspin-KO cells have weakened centromeric cohesion and increased PCS, which not only explains the delayed mitosis progression in Haspin-KO cells, but also strongly indicates a role for Haspin in protecting centromeric cohesin.
Haspin Interacts with Pds5B through a Conserved YGA/ R Motif and Can Impede Wapl Binding to Pds5B Using yeast two-hybrid assay, a previous study revealed an interaction between Pds5 and Hrk1 (Haspin-related kinase 1) in fission yeast [24] . However, evidence is lacking to support the existence and functional significance of this direct interaction under physiological conditions. We first examined whether and how Haspin binds to Pds5B in human cells, using a U2OS-Lac operator (LacO) cell line in which multiple copies of LacO repeats were stably integrated in the genome of U2OS cells [40] . Tethering of Lac-repressor-fused Pds5B residues 1-300 (LacIPds5B-N) to the LacO repeats recruited SFB-Haspin (SFB is a triple tag of S tag, Flag tag, and streptavidin-binding peptide) ( Figures 3A and S3A ), as well as the Haspin-K511A mutant lacking kinase activity (see Figure 3J ), indicating a kinase activity-independent Haspin-Pds5B interaction. Truncation mutation showed that the N-terminal residues 1-20 of Haspin were important for this interaction.
We also detected reciprocal coimmunoprecipitation (coIP) of Myc-Pds5B and SFB-Haspin transiently expressed in HeLa cells ( Figure 3B ). Moreover, purified recombinant MBP-Pds5B-N (residues 1-300) was selectively pulled down by Haspin-N50 (residues 1-50) C-terminally fused to GST (Haspin-N-GST) ( Figure 3C ), as well as by synthetic peptides of Haspin-N30 (residues 1-30) and Wapl-N28 ( Figure 3D ). An isothermal titration calorimetry (ITC) assay showed that Haspin-N30 peptide bound to MBPPds5B-N with a dissociation constant (K d ) of 3.3 mM ( Figure 3E ).
We noticed a conserved R/K-T-Y-G-A/R/K motif (YGA/R in short) in the very N terminus of Haspin ( Figures 3F and S3B) , which partially conforms to the consensus of the Pds5-binding K/R-S/ T-YSR (YSR in short) motifs recently identified in Wapl and Sororin [41] . Mutation of the highly conserved residue of human Haspin, Tyr-16 (Y16), showed that the SFB-Haspin-Y16A mutant was poorly recruited by LacI-Pds5B-N in cells ( Figures 3A and S3A) . The Y16A or Y16A/A18E mutant of Haspin was also deficient in binding Pds5B in assays of Haspin-N-GST and Haspin-N30 peptide pulldowns, as well as SFB-Haspin coIP ( Figures 3C, 3G , and 3H). Moreover, interaction between MBP-Pds5B-N and the Haspin-N30-Y16A/A18E peptide was undetectable using ITC. of Wapl ( Figure S3C ) [41] , and that the carboxylate group of Glu-187 of Pds5B forms a hydrogen bond with the main-chain amide group of Haspin or Wapl. Indeed, the A92P or E187K mutant of LacI-Pds5B-N, which does not bind Wapl in vitro [41] , did not recruit Haspin and Wapl in cells ( Figures 3J and S3D-S3F) . Thus, Haspin binds Pds5B in a way similar to the YSR-motif-dependent binding of Wapl to Pds5B.
We therefore suspected that the binding of Haspin and Wapl to Pds5B is competitive. Indeed, expression of SFB-Haspin (wild-type [WT] or K511A) ( Figures 3K and S3G-S3I) , or FlagSororin as a positive control ( Figures S3J and S3K) , reduced the recruitment of Myc-Wapl by LacI-Pds5B-N in cells, and vice versa ( Figure 3L) . However, the Haspin-Y16A/A18E mutant was largely impaired in doing so. Moreover, Haspin-N30 peptide, but not the Y16A/A18E mutant, competed effectively for the pulldown of endogenous Pds5B from cell lysates by GSTWapl-N33 (residues 1-33) (Figures 3M and 3N) . Similarly, Wapl-N28 (residues 1-28) peptide strongly reduced the pulldown of MBP-Pds5B-N by Haspin-N-GST ( Figure 3O ). Together, these data indicate that the YGA/R-motif-dependent binding of Haspin to Pds5B can antagonize Wapl-Pds5B interaction in cells and in vitro.
Loss of Haspin-Pds5B Interaction Causes Weakened Cohesion at Mitotic Centromeres
To examine the functional significance of Haspin-Pds5B interaction, we generated mutations in endogenous Haspin in HeLa cells to disrupt its binding to Pds5B, using CRISPR/Cas9-mediated homology-directed repair [29] . We isolated two independent clones with the Haspin-Y16A or Y16A/A18E mutations, as revealed by genomic DNA sequencing ( Figure S4A ). Immunoblotting showed that the total H3pT3 was reduced in these clones ( Figure 4A ). Immunostaining of mitotic chromosome spreads showed around 3.5-fold reduction in H3pT3 intensity at centromeres ( Figures 4B, 4C, S4B, and S4C) . Thus, the Haspin-Pds5B interaction is required for full generation of centromeric H3pT3, possibly by promoting the centromeric localization of Haspin. Importantly, these mutant clones were impaired in maintaining chromosome biorientation and exhibited a strong increase in PCS during sustained metaphase with MG132 treatment ( Figures  4D and 4E) . Moreover, they were defective in supporting inner centromeric localization of Sgo1 ( Figures 4F, S4D , and S4E), as well as proper inter-KT distance ( Figures 4G and S4F) .
To rule out the possibility that the weakened centromeric cohesion in these Haspin mutant cell lines is a secondary effect of reduced H3pT3, we stably expressed SFB-Haspin (WT or Y16A) in Haspin-KO cells ( Figure 4H ). We found that SFB-Haspin, but not SFB-Haspin-Y16A, rescued the defects in maintaining sisterchromatid cohesion in metaphase ( Figures 4I, 4J , and S4G), normal inner centromeric Sgo1 ( Figures 4K and S4H) , and inter-KT distance ( Figure 4L ), though both localized to mitotic chromosomes and strongly generated H3pT3 on chromosomes ( Figures  4K, S4I, and S4J) . Thus, the YGA/R-motif-dependent interaction with Pds5B is required for Haspin to maintain proper mitotic centromere cohesion.
Consistently, mitotic HeLa cells depleted of Pds5B by RNAi exhibited decreased centromeric H3pT3, increased inter-KT distance, and an impaired capability of maintaining chromosome biorientation ( Figures S4K-S4N) . These results are in line with the previous observations that suggested a positive role of Pds5B in H3pT3 localization and sister-chromatid cohesion at centromeres [41] [42] [43] .
Centromere Targeting of the N Terminus of Haspin Rescues Centromeric Cohesion Defects in Haspin-KO Cells
We reasoned that the cohesion defects in Haspin-KO cells are due, at least partly, to loss of Haspin-Pds5B interaction. If this is the case, we might expect that proper centromeric cohesion in Haspin-KO cells would be restored by artificially targeting the N terminus of Haspin to centromeres. To test this, we stably expressed in Haspin-KO cells a fusion protein of CENP-B (CB)-Haspin-N50-GFP in which the N-terminal residues 1-50 of Haspin (WT or Y16A) were fused to the centromere-targeting domain of CENP-B (Figures 5A and S5A) . Indeed, cells expressing CB-Haspin-N50-GFP were able to maintain chromosome biorientation and prevent PCS during the MG132-induced metaphase arrest ( Figures 5B, 5C , S5B, and S5C). They were also able to support inner centromeric Sgo1 ( Figures 5D and S5D) , as well as proper inter-KT distance ( Figure 5E ). Interestingly, the CB-Haspin-N50-Y16A-GFP mutant could not rescue the defective centromeric cohesion in Haspin-KO cells, as further confirmed by live imaging of cells released from STLC that revealed defects in both achieving and maintaining chromosome biorientation ( Figure 5F ). In contrast, Haspin-KO cells expressing CB-Haspin-N50-GFP were capable of maintaining chromosome biorientation in metaphase, as evidenced by the disappearance of type II and type III cells, further confirming the restoration of proper centromeric cohesion. We additionally noticed that there were novel type IV cells expressing CB-Haspin-N50-GFP that appeared to be defective in achieving rather than maintaining chromosome biorientation, presumably due to the lack of H3pT3-dependent inner centromeric CPC. Indeed, chromosomes in Haspin-KO cells stably expressing EGFP-CB-Haspin were properly aligned and segregated as in HeLa cells stably expressing CB-GFP ( Figures S5E and S5F) , indicating the restoration of (legend on next page) both proper chromosome alignment and centromeric cohesion. Furthermore, stable expression of EGFP-CB-Haspin-Y16A in Haspin-KO cells restored centromeric H3pT3 but failed to rescue the cohesion defects ( Figures 5G-5I, S5G, and S5H) . Thus, when Haspin is artificially targeted to centromeres, its kinase activity is neither necessary nor sufficient to protect centromeric cohesion. Consistently, overexpression of EGFP-CB-Haspin-K511A or SFB-Haspin-K511A largely rescued the centromeric cohesion defects in Haspin-KO cells (Figures S5I-S5N ).
Wapl Depletion Rescues Centromeric Cohesion Defects in Cells Lacking Haspin-Pds5B Interaction
We reasoned that increased Wapl activity may account for the weakened centromeric cohesion in cells lacking Haspin-Pds5B interaction. If this is the case, Wapl depletion may rescue centromeric cohesion defects in Haspin-KO cells. Indeed, Wapl RNAi not only prevented sister-chromatid resolution, but also restored inner centromeric Sgo1 and proper inter-KT distance in Haspin-KO cells ( Figures 6A-6C and S6A ), even upon co-depletion of Sgo1 ( Figures S6B-S6D ). In addition, Wapl-depleted Haspin-KO cells were able to support chromosome biorientation in the presence of MG132 ( Figure S6E ). Similar results were observed in Haspin-KO cells transiently expressing Myc-SA2-K290E (Figures 6D-6F and S6F) , a mutant incapable of binding Wapl [20] , or in Wapl-depleted cells expressing Pds5B-binding deficient mutants of Haspin ( Figures 6G, 6H ,and S6G-S6I).
Haspin Overexpression Suppresses Wapl Activity and Largely Bypasses Sgo1 for Cohesion Protection
The above-mentioned results suggested that the Haspin-Pds5B interaction functions to antagonize Wapl. If this is the case, we might expect to see reduced Wapl activity upon Haspin overexpression. Stable overexpression of SFB-Haspin prevented sister-chromatid resolution and the release of cohesin from chromosome arms in nocodazole-arrested mitotic cells ( Figures 7A,  7B , and S2B), which is in line with what was reported previously [28] and is reminiscent of Wapl depletion ( Figure 6G ) [4, 5] . However, these phenotypes were not observed in cells overexpressing SFB-Haspin-Y16A, indicating that Pds5B binding is also required for overexpressed Haspin to suppress Wapl activity.
Interestingly, overexpression of SFB-Haspin, but not SFBHaspin-Y16A, largely suppressed Sgo1-RNAi-induced mitotic arrest ( Figures 7C-7F) , which is reminiscent of cells co-depleted of Sgo1 and Wapl [4, 5, 18, 44] . Consistently, the PCS was strongly suppressed in Haspin-overexpressing cells depleted of Sgo1 (Figures 7G and 7H ) [28] , presumably due to Wapl inhibition. Haspin overexpression also moderately suppressed mitotic arrest and PCS upon Sororin RNAi (Figures 7E-7H ), most likely due to the Sororin-like ability of Haspin to bind Pds5B and antagonize Wapl in mitosis, as well as the role of Sororin in protecting mitotic centromere cohesion downstream of the Sgo1-PP2A complex [15, 18] .
DISCUSSION
Taken together, our data suggest that at mitotic centromeres, there is a pool of cohesin complex in which Haspin binds to Pds5B through a conserved YGA/R motif in its flexible N terminus, which antagonizes the YSR-motif-dependent Wapl-Pds5B interaction. The Haspin-Wapl antagonism works together with the previously identified Sgo1/Sororin-Wapl antagonism to prevent premature removal of centromeric cohesin and maintain proper cohesion at mitotic centromeres ( Figure 7I ).
Pds5 promotes cohesin release through binding to the YSR motif of Wapl, which is antagonized by Sororin, which also uses an YSR motif to directly bind the same site on Pds5 [41] . The Phe-Gly-Phe (FGF) motifs of Wapl and Sororin also contribute to their association with Pds5 and are implicated in the Sororin-Wapl antagonism [13, 14, 41] . Interestingly, at least when overexpressed, Sororin mutants lacking either YSR or FGF motifs are able to support cohesion in human cells [45] . Ouyang et al. proposed that ''another protein might act redundantly with the YSR and FGF motifs of Sororin to antagonize these motifs of Wapl in human cells'' [41] . Our results indicate that the YGA/R-motif-containing Haspin is such a protein. Moreover, whereas Wapl orthologs exist in species from yeast to humans [4] , Sororin has only been identified in metazoans so far [14] . The high conservation of the YGA/R motif suggests that the mechanism underlying cohesion protection by Haspin may be widely conserved in eukaryotes and that Wapl activity may be antagonized by Haspin in species lacking Sororin orthologs.
Whereas Sororin is dispensable in the absence of Wapl [14] , overexpressed Haspin only partly supports cohesion in Sororin-depleted cells. Thus, although Haspin and Sororin have functional similarities, they are not fully redundant at the centromere. Haspin may have a mitosis-specific role in maintaining centromeric cohesion due to its conformation change and activation during mitotic entry [34, 46] . Alternatively, Sororin may have a YSR-motif-independent activity in binding Pds5 [14] or other cohesin subunits [45, 47] to protect cohesion. We suggest that whereas Sororin plays a dual role in cohesion establishment and maintenance [48] [49] [50] , Haspin is needed to compensate for the removal of Sororin from mitotic centromeres when Sororin undergoes strong phosphorylation in early mitosis. Figure 2G (n = 3) . (E) The indicated cell lines were exposed to MG132 for 4 hr or 8 hr, and then PCS was analyzed as in Figure 2D . (F and G) HeLa and clone 2A3 cells were exposed to 3.3 mM nocodazole for 3 hr. Mitotic chromosome spreads were immunostained (F). The inter-KT distance was determined as in Figure 2H One may wonder why Haspin-KO cells do not show strong cohesion defects during unperturbed mitosis and are viable. There might be distinct pools of centromeric cohesin complexes in which Pds5B binds to either Haspin or Sororin. In the absence of Haspin, the Sororin-containing cohesin complex may be able to sustain the minimal strength of centromeric cohesion to prevent lethality without additional perturbation on mitosis but insufficient to resist the sustained pulling forces generated by the mitotic spindle. Alternatively, using the similar Pds5-binding motif, Sororin, or even other centromeric proteins, has partially compensated the loss of Haspin-Wapl antagonism in the Haspin mutant cell lines. Moreover, as Gimenez-Abian et al. suggested that ''in unperturbed mitoses, arm cohesion nevertheless persists throughout metaphase and is [in principle] sufficient to maintain sister chromatid cohesion'' [3, 8] , selective disruption of the pathway protecting centromeric cohesin may not cause strong cohesion defects in unperturbed mitosis. Indeed, cells lacking Haspin-Pds5B interaction are particularly defective in tolerating prolonged mitosis, which allows time for further disassociation of cohesin from chromosome arms ( Figure S7 ). We also reason that lack of apparent prophase pathway might account for the previous observation that Hrk1 is dispensable for cohesion in fission yeast [24] . Regardless, defects that moderately impair chromosome segregation may allow cancer cells with chromosomal instability (CIN) to become established [39] . The partial functional redundancy between Haspin and Sororin in protecting centromeric cohesion makes Haspin an appealing candidate whose inactivation may lead to CIN in tumor cells.
H3pT3 by Haspin promotes the inner centromeric localization of CPC to allow proper kinetochore-microtubule (KT-MT) attachments [24-26, 30, 31, 33] . Here we show that Haspin also plays a direct role in protecting centromeric cohesion through binding to Pds5B. Thus, Haspin is required for both proper KT-MT attachments and sister-chromatid cohesion. Whether Haspin kinase activity also contributes to centromeric cohesion protection requires further study. Our study helps rationalize the apparent complexity of the centromere signaling network and may have broader implications for the understanding of chromosome dynamics during mitosis.
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